Abstract-One of the main concerns in establishing high voltage electrical substation is switching over voltages. According to the typical design of these substations all of the circuit-breakers connected to overhead lines or transformers must have switching shunt resistance or synchronizing switch to limit the switching over voltages. These parallel resistances are very expensive and so the synchronizing switches. In fact in some cases, there are some technical factors that can lower the price of the solution for the overvoltage problem. In this paper the effects of length of overhead lines on switching over voltages are analyzed, details of system components modeling are outlined. This study can propose a method for needs assessment of shunt resistances or synchronizing switches. System components are implemented in EMTDC/PSCAD software. Simulations are executed for "Fajr II 400/132KV GIS substation" during substation design period and the results show that there is no need for shunt resistors or synchronizing switches for the CBs of the substation.
I. INTRODUCTION

A. Switching in High Voltage Systems
Switching of circuit-breakers may cause transient over-voltages in the power system and destroys equipment installation in electrical substations. Switching over-voltage is one of the main concerns in insulation coordination of substations. Damages and interruptions in the system are minimized if insulation coordination is designed properly. The cause of these damages may be steady state, dynamic or transient over-voltages. In substations, over-voltages are mostly occurred when CBs that are connected to overhead lines and power transformers are switched. High voltage CBs insulation may not withstand these over-voltages.
In the higher-voltage systems, voltages produced by switching operations are much more importance than atmospheric disturbances. There is, however, a limit to the magnitude of the atmospherically induced voltages [1] . Switching over voltages may arise, for example, from opening of unloaded transmission lines or highly inductive circuits, such as unloaded transformers or shunt reactors [1] .
Switching transients are divided into two main parts: normal & abnormal switching transients. In this paper, based on ref [2] abnormal transients are circumstances in which Majid Esmi is with Azad University, Saveh branch, Saveh, Iran.
voltage or current are far in excess of twice its normal peak values. Insulation of high voltage CBs typically can tolerate over voltages up to 2.5 times over its nominal voltage. If the value of the over voltage excesses the limit electrical arcs will be produced between terminals and other metal parts.
B. Abnormal Switching Over-Voltages
The main reason that leads to switching over voltages is the current suppression. The current carried by a power switch does not normally cease when its contacts are separated, rather the current continues to flow through an arc until it reaches its periodic zero [2] . Physically the trapped magnetic energy release causes the abnormal over voltage. The details of what happened in the system before and during abnormal over-voltages are discussed in section III.
This paper investigates the most probable and severe causes of switching over-voltages. These events can be classified into two main sections: line energizing and de-energizing due to faults or network maneuvers, and energizing and de-energizing no-load or low-load power transformers.
C. Voltage Limiting Methods
There are several limiting methods for reducing switching over voltages but in fact two of them are most popular. At conventional switching the phase position at each switching occasion will be random, which means that switching in a very unfavorable phase position is likely. Pre-insertion resistor is one of the conventional methods.
The other method to solve the problem is to apply synchronizing system that controls the CBs time of switching. The controller of the synchronizing switches enables controlling of the switching moment so that switching always takes place in a pre-determined phase position selected to eliminate the switching transients or limit them as far as possible [3] .
D. Fajr II Substation as Case Study
Fajr II 400/132kV Substation configuration is divided in to two parts: "1 ½ breakers" in 400KV A.I.S. side and "Simple Busbar with bus section" in 132KV side. The entire system configuration from upstream "Mahshahr II 400KV" substation to 132KV G.I.S. Substation of "Fajr II Gas power plant" is shown in Fig. 1 [4] . A 400KV overhead transmission line connects "Mahshahr II substation" and "Fajr II substation". This is a 25km double-circuit transmission line. Two 132KV outgoings are connected to the "Fajr II power plant" through high voltage cable. Other two outgoings are connected to the Fajr II utilities.
Evaluation of Switching Over Voltages on High Voltage
Circuit-Breakers in 400/132kV Fajr II Electrical Substation Behzad Sedaghat and Majid Esmi II. SYSTEM COMPONENTS This section includes a brief description of the system components, modeling and implementation of these components in PSCAD/EMTDC software. In this study, switching on no-load transformer and 400KV transmission line are analyzed. For simplification "Mahshahr II S.S" is assumed as an infinite bus and "Fajr II power plant" is assumed as a simple voltage sources with internal resistor. Detailed modeling of the basic components can be found in [5] . 
A. 400kV Transmission Lines
Modeling of transmission lines in a network requires dimensions and technical data. The transmission line data includes: transmission line conductor diameter and resistance per unit length of transmission line, phase transformation data and distance between phase bundle, spacing between phases, shield wire diameter and resistance per unit length, height of each conductor and shield wire at the tower and sag to midspan, tower dimensions, and ground conductivity [5] . For this case study the technical data for double circuit transmission line between "Mahshahr S.S" and "Fajr II S.S" can be found in [4] .
With reference to the PSCAD/EMTDC, Bergeron line model is selected. Transmission line model is transposed frequency dependent phase model based on travelling time and characteristic impedance of the line. The transmission line detail modeling for electromagnetic transient studies can be found in [6] .
The 25 km double circuit transmission line is arranged according to Fig. 2 . Type of the tower is T2K15 with double bundled Curlew as main conductor and Curlew core as shield conductor.
B. 400/132KV Power Transformer
Transformer models are represented with several technical data: MVA rating, wingding configuration and voltage, tap change range and normal setting, leakage reactance between windings, knee point of transformer core saturation characteristic in per unit of rate flux or voltage, and estimated saturated air core reactance [5] . The transformer detail modeling for transient studies can be found in [7] and [8] .
The 315 MVA, 400/132kV, transformers are represented by saturable transformer models with two H.V. windings. The saturation characteristics of these transformers are determined. The parameters of the pre-modeled transformer block in the software are adjusted based on manufacturer's technical specification. The technical specification data can be found in [4] .
C. Infinite Bus
Infinite bus can be described as an ideal 3 phase voltage source with a internal resistance according to network Thevenin's theorem impedance from the "Mahshahr S.S." System data can be found in [4] .
D. Circuit-Breaker
In this study, breakers are classified as simple switch models, which change branch resistance between two given values. They are controlled through an input control signal.
The ON and OFF resistances themselves cannot be changed dynamically during the run [9] . Highly non-linear arc characteristics, which can occur in actual breakers, are not modeled in these components.
In this substation, the insulation creepage of the circuit-breaker can withstand switching over voltages up to 1050kV (Fig .3) . Much other circuit breaker information can be found in [4] . [4] . These scenarios include different states of switching conditions like existence or absence of short-circuit, re-closing, re-opening, no load transformer and etc. In this paper only five scenarios are presented. These are the main cases and other eight conditions are split from these five.
A. Theory of Switching Over-Voltages
The main factor that causes the switching abnormal over voltage is release of trapped magnetic energy. It is supposed that at the time the current chopping occurs the instantaneous current is I0. It flows in the transformer winding and is associated with a certain amount of magnetic energy (Eq. 1)
where, L m is magnetizing inductance. Because of value of L m is very large, the current cannot cease suddenly in such an inductive circuit [2] . The current is diverted into the capacitance of the transformer winding and capacitance of the connection between switch and transformer. The energy from the magnetic field of the transformer is transferred to the electric field of the capacitance.
The peak voltage reached across the capacitor and therefore across the winding, is given by (2).
where, Z 0 is the system surge impedance and can be calculated using (3), and V p is the over voltage peak value.
where, C is the effective capacitance. The effective capacitance will vary depending on the type of winding and the insulation.
It can be concluded from (2) and (3) that the transient voltage is independent of the system voltage. In fact, the over-voltage value would not reach nearly as high as the value obtained from the (2). Losses are one reason causing the damping, but more important reason is that only a fraction of the energy trapped in the core at the time of chop is released [2] (Fig. 4) . 
B. Simulation and Results
In this section five scenarios that lead to switching over-voltage are presented. It should be considered that only the worst phase will be presented in each case. According to simulation the worst cases are happened for middle circuit breaker in each "1 ½ breaker" switchgear bay.
Case.1: Simulation of Switching of C.B., During Normal Operation:
In the first scenario system is in a stable operating condition. Before starting the simulation these conditions are applied to the system: 400kV transmission line is connected to system. Circuit-breakers "=C01-QA1, =C02-QA1, =C01-QA2 and =C02-QA2" are closed and "=C01-QA3 and =C02-QA3" are opened. Tap of the transformers are regulated on 1.05. 132kV load outgoings are connected and Fajr power plant feeders are disconnected from the system.
In the moment of 1 second =C01-QA3 is closed and after 0.1 seconds reopened. Again after about 0.9 seconds, by closing C.B. -QA3 the system becomes stable again. According to 
Case.2: Simulation of switching of C.B., during short-circuit:
In the second scenario system is in a stable operating condition. Before starting the simulation these conditions are applied to the system: 400kV transmission line is connected to system. Circuit-breakers "=C02-QA1, =C02-QA2, =C02-QA3 and =C03-QA3" are closed and "=C01-QA1 and =C01-QA2" are opened. Tap of the transformers are regulated on 1.05. 132kV outgoing feeders are connected and "Fajr II power plant" feeders also are connected to the system. Three phase short-circuit is occurred at the end of the Cable1. After 0.1 seconds =C01-QA3 and =E5-QA1 are tripped and opened. In the moment of 1.4 seconds fault is cleared. Again after about 0.6 seconds, the system becomes stable again. According to Fig. 6 , the maximum peak over-voltage that occurs is about 370kV phase to earth equal to 1.17 times greater than normal operating phase voltage. 
Case.3: Simulation of switching and reclosing of C.B., in presence of no-load transformer:
In the third scenario system is in no load operating condition. Before starting the simulation these conditions are applied to the system: Transformers operate in no load condition and all of the 132kV outgoings are disconnected. Cables are disconnected from 132kV busbar. Circuit-breakers "=C02-QA1, =C02-QA2, =C01-QA1, =C01-QA2 and =C01-QA3" are closed and "=C02-QA3" is opened. Tap of the transformers are regulated on 1.05.
In the moment of 0.999 seconds =C01-QA3 is opened and in the moment of 1.0653 seconds reclosed. Again in the moment of 2 seconds, the system becomes stable again. According to Fig. 7 , the maximum peak over-voltage that occurs is about 428kV phase to earth equal to 1.86 times greater than normal operating phase voltage. 
Case.4: Simulation of switching, reclosing and reopening of C.B., in presence of no-load transformers and double circuit transmission line:
In the forth scenario system is in no load operating condition. Before starting the simulation these conditions are applied to the system: Transformers operate in no load condition and all of the 132kV outgoings are disconnected. Cables are disconnected from 132kV busbar. Circuit-breakers "=C02-QA1, =C02-QA2, =C01-QA1 and =C01-QA2" are closed and "=C02-QA3 and =C01-QA3" are opened. Tap of the transformers are regulated on 1.05.
In the moment of 0.999 seconds =C01-QA3 is closed and in the moment of 1.0653 seconds reopened. Again in the moment of 2 seconds, the system becomes stable again. According to Fig. 8 , the maximum peak over-voltage that occurs is about 710kV phase to earth equal to 3.08 times greater than normal operating phase voltage. In the last scenario system is in no load operating condition. Before starting the simulation these conditions are applied to the system: Transformers operate in no load condition and all of the 132kV outgoings are disconnected. Cables are disconnected from 132kV busbar. Circuit-breakers "=C02-QA2 and =C01-QA2" are closed and "=C02-QA1, =C01-QA1, =C02-QA3 and =C01-QA3" are opened. Tap of the transformers are regulated on 1.05.
In this scenario one circuit of the overhead line is disconnected from both upstream substation and "Fajr II S.S".
In the moment of 0.999 seconds =C01-QA3 is closed and in the moment of 1.0653 seconds reopened. Again in the moment of 2 seconds, the system becomes stable again. According to Fig. 9 , the maximum peak over-voltage that occurs is about 750kV phase to earth equal to 3.26 times greater than normal operating phase voltage. 
IV. CONCLUSION
In this study, switching over voltages for 400kV circuitbreakers of the "Fajr II substation" have been analyzed. System components were modeled and implemented in PSCAD/EMTDC software for further simulations. Five different case studies were defined and simulation has been done for each one. The voltage between two contacts of the middle breaker for three phases has been recorded. From above figures it can be concluded that there is some technical factors that can lower the switching over voltages. In this substation, the length of the transmission lines is the main reason. It can be observed from figures that the maximum probable switching over voltage that can occur is lower than maximum switching voltage withstood of the insulation of the circuit breaker. Based on this conclusion, there is no need for expensive shunt resistor or synchronizing switch for the 400kV circuit-breakers in the "Fajr II 400/132kV substation".
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